Abstract: Seven Douglas fir (Psetudotsuiga menziesii) tree-ring chronologies were developed from sites in Banff and Jasper National Parks, Alberta, and near Cranbrook, British Columbia. The chronologies ranged in length from 191 to 691 years and display a strong precipitation signal. Multiple regression models were developed that calibrate >50% of the variance in the instrumental records and were used to reconstruct annual (pAugustJuly or pJuly-June) precipitation for Banff, Jasper and Cranbrook. Comparison of these reconstructions with records from adjacent areas indicates that periods of reduced precipitation occurred over this region in c. AD 1760-1775, the 1790s, the 1840s-1870s, the 1890s and c. . Periods of significantly greater precipitation occurred during the 1 880s-1920s and in the latter half of the twentieth century. The Banff reconstruction extends back to AD 1430 and also shows major drier intervals c. 1470-1510, the 1570s and 1615-1660. These reconstructions indicate regionally coherent precipitation patterns that fluctuate on decadal timescales and may be linked to changes in atmospheric circulation pattems.
Introduction
Although the first dendrochronological studies in the Canadian Cordillera utilized valley-floor, moisture-sensitive sites (Schulman, 1947; Drew, 1975) , little subsequent work has been carried out in this environment. Studies elsewhere in North America have demonstrated that lower forest border sites are well suited to provide proxy-records of precipitation (Fritts, 1974; Case and MacDonald, 1995; Woodhouse and Meko, 1997) . Recently Cook et al. (1996; 1999) have used a dense network of precipitation-sensitive chronologies to develop a gridded drought (Palmer Drought Severity Index (PDSI)) reconstruction for the entire continental United States. Unfortunately, no equivalent data exist for Canada. The need for a greater understanding of precipitation variability and the necessity to develop palaeoclimatic time-series to evaluate climate change have been identified as 'urgent scientific problems requiring attention' (Houghton et al., 1996: p. 46) . Climate predictions based upon the relatively short instrumental climate records may be unreliable as the records may not represent the full range of the measured climatic variable (Woodhouse and Overpeck, 1998) . Precipitation reconstructions derived from tree-rings offer considerable potential to further our understanding of precipitation variability, particularly for mountain areas where precipitation © Arnold 2001 is highly variable and measurement stations are sparsely distributed. This paper presents tree-ring-based annual precipitation reconstructions for two sites in the Alberta Rockies (Banff and Jasper) and for Cranbrook, British Columbia (located in the adjacent Rocky Mountain Trench). (Case and MacDonald. 1995 (Youngblut, 1999) Fritts (1976) . 2Subsample signal strength (SSS) is used to define the portion of a chronology with a strong common signal for dendroclimatic studies (Wigley et al., 1984; Briffa and Jones, 1990 Vincent, 1998) and .
Site descriptions Five well-drained xeric/subxeric sites were sampled in the montane ecoregion of Banff and Jasper National Parks, Alberta (Figure 1 ). Soils at these sites were primarily Eutric Brunisols (Holland and Coen, 1982) . Although the LTRR developed chronologies from three sites near Banff (Exshaw, Tunnel Mountain and Powerhouse), only the Powerhouse site was resampled in this study. Robertson and Jozsa (1988) described this site as 'one of the best tree-ring sites in Canada'. Old (up to 691 years), open-grown Douglas fir trees grow at the edge of a former icemarginal terrace, 30-50 m above the present valley floor. Several of the oldest trees grow at the terrace edge, a steep eroded slope with hoodoo development, and have their roots exposed by mass wasting. Douglas fir were sampled from four sites in Jasper National Park, approximately 250 km northwest of Banff (Figure 1 ). The Pyramid Lake site was previously sampled by LTRR in 1966 and by parties from UWO in 1990 and (Luckman et al., 1996) . Open-grown trees were cored along a south-facing bedrock ridge overlooking Pyramid Lake. The oldest trees were located near the top of the ridge and LTRR identification tags were discovered on several sampled trees. We did not resample LTRR's adjacent Patricia Lake site. Three previously unsampled sites were cored in the Jasper area to examine the spatial variability in the ringwidth signal. At Lake Annette large, young open-grown firs were cored from a valley-floor site. At Maligne Canyon, open-grown firs were sampled along a south-facing slope overlooking the canyon. Trees were sampled from an open-forest site growing on a low, west-facing bedrock ridge overlooking the wet, shrubby open meadow at Prairie de la Vache, approximately 10 km SSE of Jasper. Fire scars were found on a limited number of trees at all of the Jasper sites.
Douglas fir samples were also collected from two previously unsampled sites near Cranbrook, B.C., in the floor of the Rocky Mountain Trench (Figure 1 ). The Perry Creek site was on an unlogged bluff overlooking the Perry Creek Logging Road. The Wasa Lake site was an east-facing, well-drained, grassy bluff dominated by open-grown Douglas fir and Ponderosa pine.
Chronology development and characteristics
Samples were prepared, measured and cross-dated using standard procedures (Stokes and Smiley, 1968) and all dating was verified using the computer program COFECHA available in the Dendrochronology Program Library (DPL; Grissino-Mayer et al., 1996) . Ring-width measurements were carried out to .001 mm using a Velmex Unislide traversing table and digital counter. ARSTAN (also available in the DPL) was used to standardize raw ring-width measurements with modified negative exponential or negative linear trend models and to combine these standardized indices into site chronologies (Cook et al., 1990; Briffa et al., 1996) . These deterministic growth models are considered to be conservative (Cook, 1985) in that they are likely to retain most of the low-frequency climatic information which is resolvable given the length of the series.
Selected raw ring-width series from the earlier LTRR Powerhouse data set were used to increase sample depth for the 1997 chronology. However, series from those trees known to be previously cored by LTRR were excluded to avoid artificially inflating chronology statistics. Samples from earlier UWO collections were added to the 1997 Pyramid Lake and Maligne Canyon chronologies. Although the LTRR Patricia Lake chronology extends back to 1540, the raw ring-width measurements available Briffa and Jones, 1990) .
Ten of these standardized chronologies are presented in Figure  2 . Correlations between all 13 chronologies over their common period (1796-1965) are presented in Figure 3 (Figure 2 ) probably reflect varying sensitivity of the trees to prolonged wet or dry conditions due to differences in site characteristics (e.g., soils, aspect, slope) or microclimatic differences between these sites.
The low-frequency patterns in the Patricia Lake and two Pyramid Lake chronologies are very similar, but the shorter Jasper chronologies display more variability (Watson, 1998) . Nevertheless, all the Jasper chronologies are well correlated with the 1997 Pyramid Lake chronology, suggesting that this chronology exhibits the strongest regional signal. Although correlations between the six Jasper chronologies and the five Banff chronologies range from 0.25 to 0.58 (Figure 3 ), the low-frequency patterns in the chronologies are quite similar ( Figure 2 ).
The correlation between the two Cranbrook area chronologies (Wasa Lake and Perry Creek) is not particularly high (r = 0.56). However, both chronologies exhibit enhanced growth in the early 1900s and suppressed growth during the late 1920s and 1930s. Following this well-documented drought, both chronologies display enhanced growth until the last quarter of the twentieth century when growth has been declining (particularly at the Perry Creek Site). The Cranbrook area chronologies are more highly correlated with the Banff chronologies than those from Jasper Tree-ring/climate relationships Precipitation and temperature records from meteorological stations located in Banff, Jasper and Cranbrook ( Figure 1 ) were used to evaluate the climate signal contained in the 13 chronologies on a monthly, seasonal and annual basis.
Monthly relationships Simple correlations were computed between the 13 chronologies and monthly precipitation and temperature records from the closest meteorological station for a 19-month period (previous April to current October). All but two of the significant correlations between ring widths and precipitation are positive, indicating that higher precipitation generally results in enhanced tree growth ( Figure 4) . However, the highest monthly correlations differ between the three areas sampled. The five Banff chronologies are all most highly correlated with precipitation from July of the previous year (r = 0.40-0.53), usually followed by May of the growth year (r = 0.28-0.39). Jasper chronologies are predominately correlated with conditions during the growth year: five of the six chronologies are most highly correlated with May precipitation (r = 0.41-0.52) followed by February. The Cranbrook chronologies are most highly correlated with previous August (Wasa Lake) or previous December (Perry Creek). The Banff and Cranbrook from ITRDB only extend back to 1700 and afford no extension to our 1997 Pyramid Lake chronology. chronologies apparently show a much broader climate window with significant correlations with spring and summer months in both the current and previous years ( Figure 4 ). Tree growth (i.e., ring width) often correlates more highly with seasonal precipitation totals than with individual monthly values. However, correlations between several combined monthly totals (e.g., May-June, June-July, May-July and J-anuary-March) and ring-width data were not much higher than the single-month correlations. Previous studies (e.g., Duvick and Blasing, 1981 ; Stockton and Meko, 1983; Case and MacDonald, 1995) (Figure 4 ). Higher temperatures also increase water stress during the growing season (Fritts, 1976 
Development of climate reconstructions Calibration and verification procedures
Stepwise multiple linear regression analysis was used to develop statistical relationships between precipitation and the most highly correlated tree-ring chronologies. In order to account for lagged and autocorrelated growth effects in the tree-ring chronologies, forward (t+1) and backward (t-1) lagged tree-ring indices were (Table 3) . The conventional data-splitting approach (Gordon, 1982) provides a limited assessment of the temporal stability of the tree-ring/climate relationship. The alternative, 'leave-out-one' procedure (Gordon, 1982) (Gordon, 1982) . This method is similar to the predicted residual error sum of squares (PRESS) procedure (Draper and Smith, 1981) and to cross-validation techniques described by Michaelsen (1987) , Loaiciga et al. (1993) and Woodhouse and Meko (1997 (Figure 6 ). Note that this Banff reconstruction is slightly revised from an earlier version (Watson, 1998; Luckman and Watson, 1999; Luckman, 2000) .
Jasper
Multiple regression analyses were conducted between various groupings of the six chronologies from Jasper National Park and the Jasper precipitation record for two annual periods (pJuly-June and pAugust-July). The best reconstruction model was developed from the simple linear relationship between the 1997 Pyramid Lake chronology in the current year and annual (pAugust-July) precipitation for the full period Verification tests were conducted using (a) the traditional data-splitting approach (early and late periods) and (b) for the full length of the instrumental records using an independent set of estimates developed using the leave-out-one procedure (Gordon, 1982) .
'Number of potential predictors. 2Number of predicators retained in the model. 3Positive reduction of error values (RE) are regarded as an indication of successful reconstruction of the climatic variable (Fritts, 1976) . 4In all but one case (ns), departures from the mean in the instrumental and estimated series are significantly associated (p = .05) (for details, see Fritts, 1976 slightly lower than those for the Banff reconstruction, the precipitation estimates are very similar to instrumental values during the calibration interval ( Figure 5 ). Estimates based on the early, late and full reconstruction models passed all three verification tests. The reconstruction also correlated significantly with a less rigorously corrected Jasper precipitation record for years outside the calibration interval ; r = 0.67). As the ability of the regression model to predict precipitation outside the calibration interval has been demonstrated, the ring-width indices from the Pyramid Lake chronology were substituted into the transfer function yielding precipitation estimates back to 1710 (Figure 6 ).
Cranbrook
The two Cranbrook chronologies are highly correlated (0.70) with annual (pJuly-June or pAugust-July) precipitation (Table 3) . Multiple models were evaluated using (1) the two chronologies and (2) the first eigenvector (89% explained) of the two chronologies. In both cases, annual (pAug-July and pJuly-June) precipitation was regressed against predictor chronologies (in years t, t+1 and t-1). The best model used the first eigenvector (years t, t+l and t-1) to reconstruct pAugust-July precipitation with R and
R2d values for the model of 0.79 and 0.60 respectively (Table 3) .
These values are higher than those for the Banff and Jasper reconstructions and the ability of the model is clearly displayed in Figure 5 . The model passed all three verification tests for the early and full reconstructions but estimates derived from the late model marginally failed the sign test conducted against instrumental data from the early period (Table 3) . This is not considered to be a major problem. The full reconstruction model was used to estimate annual Cranbrook precipitation back to 1827 ( Figure 6 ).
Comparison of the reconstructions
The Banff, Jasper and Cranbrook reconstructions are of comparable statistical quality to those developed for arid sites in the United States and have slightly better calibration and verification statistics than the other precipitation reconstructions developed for western Canada (Case and MacDonald, 1995; Sauchyn and Beaudoin, 1998 , Jasper (1710 Jasper ( -1994 and Cranbrook (1827 Cranbrook ( -1995 . Reconstructed precipitation, a 25-year filter and 2 standard error confidence intervals are shown. The confidence intervals incorporate an estimate of the increase in uncertainty of the reconstruction associated with decreasing sample depth back in time.
more extreme (i.e., deviate further from the mean) than dry events. Major wet intervals are reconstructed for the periods approximately 1585-1610, 1660-1680, 1870-1885, 1895-1910 and from 1950 onwards. The latter two are also known from the instrumental record ( Figure 5 ). The means of the reconstructed and instrumental records for annual (pAugust-July) precipitation at Jasper are almost identical (444.93 and 441.81 mm; Figure 6 ). The most severe and prolonged dry periods were reconstructed for the periods 1820-1865 and 1915-1945 (c. 1940-1980) . Reconstructed annual precipitation has declined since the 1980s.
Comparison with reconstructions from adjacent regions Case and MacDonald (1995) developed a 487-year reconstruction of annual (pAugust-July) precipitation for the Rocky Mountain foothills of southwestern Alberta. Their reconstruction (Figure 7) is developed from two limber pine tree-ring sites approximately 60 and 200 km east and southeast of Banff (Towers Ridge and Lundbreck Falls; Figure 1 ). Sauchyn and Beaudoin (1998) have developed a 313-year annual (pAugust-July) precipitation reconstruction for Maple Creek, Saskatchewan, using Picea glauca (white spruce) from the Cypress Hills of southeastern Alberta and southwestern Saskatchewan (Prairies reconstruction, Figure 7 ).
The R'dJ for this reconstruction was 36.5%. PDSI reconstructions developed by Cook et al. (1996; 1999) for northeastern Washington and northern ldaho are also plotted on Figure 7 . To facilitate comparison, the precipitation reconstructions have been converted to z-scores and all series are smoothed with a 25-year smoothing spline. The vertical shading on Figure 7 indicates intervals after 1700 when the majority of the records (four of six from 1700-1830; five of seven from show below average precipitation. Figure 7 show that considerable spatial and temporal variations exist in the relationships between the reconstructions. The trends for Banff and Jasper are strikingly similar for c. 1770-1815 and c. 1865-1990, but Prairies is quite different from the other records shown in Figure  7 . These discrepancies may reflect a different precipitation regime in the Cypress Hills or differences in response between the species used for these reconstructions. Further data are needed to resolve these questions. The reconstruction of periods with coherent low-frequency patterns in precipitation between sites suggest times of strong, common, regional controls on precipitation. Differences in the lowfrequency trends between sites may result from local site or species effects in individual chronologies, but they may also be indicative of much larger-scale climatic patterns. The fact that precipitation variability is not always coherent throughout the region suggests that there may be multiple controls whose relative influence on precipitation varies through time. A larger network of sites is needed to evaluate these possibilities. Reconstructions developed for Kamloops, Westwold and Penticton (Watson, 1998) are of comparable quality to those at Banff, Jasper and Cranbrook and show similar low-frequency variability in the nineteenth and twentieth centuries. These variations are also present in recent PDSI reconstructions from the adjacent United States (Cook et al., 1996;  Figure 7) suggesting that low-frequency precipitation variability during this interval was largely controlled by regional-scale atmospheric circulation patterns. Similar regional control may occur during the fifteenth to eighteenth centuries, but more long reconstructions are needed to evaluate this possibility.
Conclusions
This paper has demonstrated that high-quality annual precipitation reconstructions can be developed from moisture-sensitive Douglas fir ring-width chronologies from low-elevation sites in the Canadian Cordillera. Regression-based calibration models captured at least 50% of the variance in the instrumental precipitation records. Long-term trends in the Banff, Jasper and Cranbrook reconstructions are similar to each other and to reconstructions from the Rocky Mountain Foothills and PDSI reconstructions from the adjacent United States (Washington and Idaho). They indicate that regionally extensive drier intervals occurred over the southern Rockies through the AD 1700s (particularly the 1760s and 1790s), the 1850-1860s, the 1 890s and during the historically documented drought of the 1920-1940s. Significantly greater amounts of precipitation occurred during the 1870-1880s, 1900-1910s and the 1950-1970s (in the mountains only). The reconstructed precipitation record for Banff suggests significant drier intervals also occurred c. AD 1470-1510, in the 1560-1570s and the 1630-1650s with a major wetter interval c. 1520-1550. The coherency between reconstructions in the last three centuries indicates that the individual calibration models are well developed. It also suggests that the low-frequency behaviour of precipitation across the region may be controlled by synoptic or larger-scale circulation features. Further work is needed to explore these relationships in the present instrumental record and to develop a comparable network of long, high-quality, drought-sensitive chronologies across the southern Canadian Cordillera to examine the coherency of these low-frequency precipitation patterns over time.
